Background: Lipoxygenases (LOX) catalyze the oxygenation of polyunsaturated fatty acids but generate distinct products from a common substrate. Results: We report the first structure of a LOX-substrate complex. Conclusion: The structure provides a context for understanding product specificity in enzymes that metabolize arachidonic acid. Significance: With roles in the production of potent lipid mediators, LOX are targets for drug design. . 2 The abbreviations used are: LOX, lipoxygenase(s); AA, arachidonic acid; HETE, hydroxyeicosatetraenoic acid.
Lipoxygenases (LOX) play critical roles in mammalian biology in the generation of potent lipid mediators of the inflammatory response; consequently, they are targets for the development of isoform-specific inhibitors. The regio-and stereo-specificity of the oxygenation of polyunsaturated fatty acids by the enzymes is understood in terms of the chemistry, but structural observation of the enzyme-substrate interactions is lacking.
Although several LOX crystal structures are available, heretofore the rapid oxygenation of bound substrate has precluded capture of the enzyme-substrate complex, leaving a gap between chemical and structural insights. In this report, we describe the 2.0 Å resolution structure of 8R-LOX in complex with arachidonic acid obtained under anaerobic conditions. Subtle rearrangements, primarily in the side chains of three amino acids, allow binding of arachidonic acid in a catalytically competent conformation. Accompanying experimental work supports a model in which both substrate tethering and cavity depth contribute to positioning the appropriate carbon at the catalytic machinery.
Lipoxygenases (LOX) 2 catalyze the highly regio-and stereospecific reaction of polyunsaturated fatty acids with molecular oxygen, typically forming a single, chiral fatty acid hydroperoxide (1) (2) (3) . The diversity is such that individual LOX enzymes are known that can account for oxygenation on almost all the available positions on the common polyunsaturated fatty acid substrates (3) (4) (5) . The different members of the LOX superfam-ily, whether prokaryotic, plant, fungal, invertebrate, or vertebrate/mammalian, all retain the same conserved amino acids at the catalytic center and share a common structural framework (6 -12) . Taken together with an in-depth understanding of the basic chemistry involved in LOX catalysis (4, (13) (14) (15) , this similarity has led to models in which much of the diversity in product formation is accounted for by proposed differences in substrate binding (Fig. 1 ) and by the direction of oxygen attack on the activated fatty acid. Two variables in fatty acid binding can influence the product outcome. 1) Polyunsaturated fatty acids may have one or more pentadienes available for attack (for example, arachidonic acid (AA) has three chemically equivalent pentadienes), and a primary determinant of regiospecificity is which pentadiene in the double bond system aligns with the LOX catalytic iron (16) . 2) The substrate can enter the active site either carboxyl ("head") or hydrocarbon ("tail") first (2, 17) . This determines which side of the selected pentadiene is accessible to the catalytic iron. In addition to the mode of fatty acid binding, the direction of oxygen attack across the face of the pentadiene determines the R or S chirality of the products (18) . As an example, 8R and 12S products have the hydroperoxide moiety on the same side of the carbon chain and the 8S/12Rhydroperoxides are on the opposite side. Taken together, the fatty acid binding issues and direction of the reaction with O 2 can "on paper" explain all the observed LOX-catalyzed specific oxygenations of AA.
Although clues to LOX-substrate recognition have emerged from a wealth of mechanistic chemistry, enzyme mutagenesis, inhibitor structure-activity relationships, and crystal structures of inhibitor complexes, what is missing is a melding of protein structural information with a detailed picture of substrate binding. The fundamental deterrent has been the difficulty in obtaining the crystal structure of an enzyme-substrate complex. Acting against the attempted crystallization of the enzyme-substrate complex are (i) LOX enzymes require no cofactor for the dioxygenase reaction and are therefore primed for instant activity, (ii) the ready oxidation of the resting state ferrous iron to the active ferric state by traces of peroxide, and (iii) the O 2 co-substrate is ubiquitous under standard conditions of crystallography. Therefore, a combination of these factors has thwarted attempts to halt the one-turnover transformation that will metabolize a substrate molecule in the LOX active site. Crystals of an 8R-LOX from Plexaura homomalla, which generates 8R-hydroperoxyeicosatetraenoic acid from AA, proved to be to sufficiently robust to survive the manipulations required to introduce the hydrophobic substrate at concentrations of AA and carrier that do not compromise diffraction quality, but are adequate for complex formation.
Combined with the previously reported structures of the mammalian lipoxygenases with inhibitors, the model provides a robust framework for the design of isoform-specific inhibitors. Furthermore, mutagenesis and activity assays support the proposed model.
MATERIALS AND METHODS
Mutagenesis-Mutants were constructed in pseudo-wildtype 8R-LOX (1) by whole plasmid polymerase chain reaction using Pfu UltraII Hot Start polymerase (Agilent Technologies). Where possible, silent mutations were included in the primers for rapid identification of mutant plasmids. Plasmid DNA was purified using the Wizard system (Promega).
Protein Expression and Purification-Pseudo-wild-type 8R-LOX (19) and variants were expressed and purified essentially as described in the literature with the following modifications (11) . BL21(DE3) cells were transformed with the appropriate pet3a construct. Single colonies were picked to grow overnight starter cultures in Luria Broth, 50 g/ml ampicillin. The starter culture was then diluted 100ϫ into 2ϫ Yeast Tryptone and grown at 37°C to an A 600 of 0.6, at which point the temperature was changed to 22°C, and expression was induced with 0.25 mM isopropyl 1-thio-␤-D-galactopyranoside. The cells were harvested after 22 h, frozen in liquid nitrogen, and stored at Ϫ80°C. The frozen cells were resuspended in B-PER bacterial protein extraction reagent (Thermo Scientific) supplemented with DnaseI, PMSF, leupeptin, and pepstatin, according to the manufacturer's instructions, and sonicated at 5-s intervals and 50% power for 5 min. The cell lysate was centrifuged at 38,000 ϫ g for 30 min at 4°C. The supernatant was cleared with a 0.45-m Millipore PES syringe filter, and applied on a Conitrilotriacetic acid column using AKTA FPLC. The 8R-LOX was eluted using a gradient of 20 mM to 200 mM imidazole in 20 mM Tris (pH 8.0) and 500 mM NaCl. The fractions containing the prominent peak of the absorbance chromatogram were pooled and dialyzed against 20 mM Tris (pH 8.0) overnight with three buffer exchanges. The dialyzed protein was then purified further using a Mono-Q column and AKTA FPLC and a salt gradient of 0 to 500 mM NaCl. Most of 8R-LOX eluted at ϳ250 mM NaCl. The purities of fractions were evaluated by SDS-PAGE and Coomassie staining; the fractions containing purest 8R-LOX were collected and concentrated to 5-15 mg/ml using Amicon Ultra centrifugal units.
Kinetic Assays-The kinetic measurements were performed on an Applied Photophysics Stopped Flow instrument SX.18MV, monitoring the increase in absorbance at 237 nm over time in the following buffer: 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5 mM EDTA. The concentration of enzyme was 15 (native), 20 (R182A), or 200 nm (A589M and A620H). For each enzyme at least 10 AA (Cayman Chemical) concentrations, varying from 1-50 M, were monitored. Initial rates were measured by fitting the average of four to five measurements of the initial linear region of absorbance change to a linear equation. Most of the variants were analyzed by using the Michaelis-Menten equation to determine V max and K m values; however, the R182A mutant was analyzed by using the reciprocal plot and substrate inhibition steady state kinetics using the equation shown below.
Equation 1 has been used before to study other systems that involve cooperative substrate inhibition, and it was the model that gave the best fit to the experimental data (20 -22) . An extinction coefficient of 23 absorbance units/cm/mM (23) was used for product. Product Analyses-Incubations were carried out in 1 ml of 50 mM Tris, pH 8.0, containing 500 mM NaCl, 2 mM CaCl 2 , using 50 M arachidonic acid (15 g) added in 5 l of ethanol. (10-ml incubations were carried out with the slowly reacting A589M and A620H mutants.) The samples were incubated at room temperature for 2-10 min, with the time depending on the rate of reaction observed by UV-235 nm. The incubations were extracted using a Waters 1-cc Oasis HLB cartridge and eluted with 1 ml of methanol. The extracts were treated with triphenylphosphine in methanol at room temperature for 30 min to reduce hydroperoxyeicosatetraenoic acid to the corresponding hydroxtetraenoic acid (HETE). The samples were analyzed (and the individual HETEs collected) by SP-HPLC using a Beckman Ultrasphere 5 silica column (250 ϫ 4.6 mm) with a solvent system of hexane/isopropanol/glacial acetic acid (100:2:0.1, by volume) running at 1 ml/min, and the eluant was monitored with an Agilent 1100 diode array detector. The individual HETEs were then methylated with diazomethane, and the stereochemistry of the 8-, 11-, 12-, and 15-HETE products was determined using a Chiralpak AD column (250 ϫ 4.6 mm) with a solvent of hexane/ methanol (100:2, v/v) running at 1 ml/min (24) .
Crystallization-Crystals of 8R-LOX were prepared in an anaerobic chamber maintained below 20 ppm O 2 . Crystals were grown by vapor diffusion with a well solution of 8% PEG-8000, 5% glycerol, 0.2 M CaCl 2 , 0.1 M imidazole acetate, pH 8.0. Crystals were then soaked overnight (ϳ17 h) in a solution of 25% glycerol, 10% PEG-8000, 0.02 M CaCl 2 , 0.1 M imidazole acetate, pH 8.0, 1% dimethyl sulfoxide, and 1 mg/ml AA. The next morning, crystals were cooled in liquid nitrogen that was brought into the anaerobic chamber. During the cooling process, O 2 levels rose to 55 ppm (due to O 2 dissolved in the liquid nitrogen).
Structure Determination-Diffraction data from the soaked 8R-LOX crystals were collected with an ADSC Quantum 315 at the NE-CAT 24ID-E beamline located at the Advanced Photon Source. Two data sets were collected from a single crystal. The data were indexed, integrated, and scaled with XDS (25), merged with XSCALE, and analyzed with POINTLESS (26) and AIMLESS (27) .
The structure of 8R-LOX (3FG1) described previously was used as the starting model for refinement. Iterative model building and refinement were run in PHENIX (28) and COOT (29) . Four monomers are located in the asymmetric unit. Residues for the N-terminal His tag were modeled only where sufficient electron density warranted (one N-terminal His for chains A, B, and D and three N-terminal His for chain C). In addition, residues 307-315 were not modeled in any of the chains, along with residue 316 in chain A, residues 305 and 306 in chain B, and residue 306 in chain D, due to lack of electron density in those regions. Residue 600 was not modeled in chain B, also due to a lack of electron density. Arachidonate was modeled into electron density present in the active site of chain C. An omit map, calculated after three cycles of coordinate refinement of the model without AA, shows clear density for the substrate (Fig. 2C ). Electron density in the active sites of the other monomers was suggestive of AA, but insufficient to model the ligand structure in these sites with confidence. The final R factor/ R free was 16.21/21.45%. Data processing and refine-ment statistics are provided in Table 1 . Although the AA B-factor (39 Å 2 ) is higher than the average protein B-factor (29 Å 2 ), it is within the range of those of the neighboring amino acid side chains (21 to 46 Å 2 ). The coordinate and structure factors have been deposited to the Protein Data Bank and assigned the identifier 4QWT.
RESULTS

Invariant Amino Acids Position the Pentadiene for Attack-
The crystal structure 8R-LOX was determined to 2.0 Å resolution. Lipoxygenases are composed of an amino-terminal ␤-barrel domain and a largely ␣-helical catalytic domain, which is ϳ80% of the polypeptide (6) and harbors the catalytic iron. Those enzymes that metabolize AA are roughly 650 amino acids in length. Although in general the placement of elements of secondary structure in lipoxygenases is conserved, helix ␣2, which helps define the active site, has been observed in two strikingly distinct orientations: it can be a long single ␣-helix that runs the length of the catalytic domain or a broken helix in which some side chains are inserted into the common active site to conceal it from bulk solvent. Helix ␣2 is one long helix in 8R-LOX and substrate can enter without invoking a major conformational change.
The catalytic iron in 8R-LOX is positioned by three invariant His (384, 389, 570) side chains and the terminal main chain (30) . An arched helix, kinked by a distinct two-amino acid insertion in one helical turn (first described in detail by Minor et al. (31) ), covers this site and contributes one of several invariant leucines that line the proposed substrate binding pocket.
In the structure of 8R-LOX with AA bound (Fig. 2, A and B ) this "arched" helix (420 -442) is displaced ever-so-slightly outwards (C␣-C␣ distance ϭ 1.3 Å for Ile-437) and the side chains of Leu-431 and Ile-437, which frame the insertion, are now ordered (Fig. 2, A and B) . These amino acids make van der Waals contacts to secure the AA, Leu-431 with the central carbon of the pentadiene centered at C10. Ile-437 is positioned at the top of the "U" between the carboxyl head (C1) and C17 at the tail. These amino acids side chains fill the U from the side opposite of the catalytic iron, where just across from Leu-431 sits invariant Leu-627. Leu-627 and Leu-431 are equidistant from the substrate, and the two side chains appear to clamp the C10 pentadiene in place. The base of the U is positioned by invariant Leu-385 on one side, and the iron and His-384 and His-389 on the other. Leu-385 and the catalytic iron cradle the base of the U (Fig. 2C) .
Pocket depth, which allows the tail to slide in so that C10 is attacked, appears to be conferred by Ala-620, which with Ala-589 makes for a very a deep cavity. Leu-381 and Val-428 define the wall of the cavity at C15, and the polar and charged amino acids Gln-380 and Asp-424 (highly conserved) flank the cluster of histidines that hold the iron in place. In the absence of AA, Tyr-181 and Arg-182 of helix ␣2 participate in an interhelical charge cluster with Glu-430 of the arched helix. In the AAbound structure, the AA carboxylate expands this charge network with only the slight shift in the arched helix described above and the reorientation of the side chain of Glu-430 to allow Arg-182 to interact with the substrate carboxylate as well as Glu-430. Apparent in the crystal structure is a tubular opening that leads to the U-shaped site. It sits on the face of the AA opposite the Fe and is thus positioned to allow molecular oxygen to access the pentadiene. This tubular cavity abuts the shallower side of the U, where C8 of AA sits. Proximal to the substrate it is defined by Gly-427. Access to the pentadiene from the iron side is blocked not only by the residues that position the iron but also by Ile-427, which is invariant.
Thus, the substrate-binding site is formed largely by invariant amino acids, and these amino acids are positioned around the pentadiene that is adjacent to the catalytic iron. The depth of the cavity is set by residues 620 and 589, and the cavity entrance is defined by amino acids from ␣2.
Mutations to the Binding Site Affect Enzyme Activity and Product Specificity-Site-directed mutants were prepared to test the structural interpretation. Arg-182, which appears to charge pair with the substrate carboxylate, was mutated to Ala. Ala-589 and Ala-620, positioned deep in the cavity to allow the AA tail slide into the enzyme active site to position C10 at the catalytic site, were mutated to methionine and histidine, respectively, to introduce bulk and charge at the putative hydrocarbon end of the active site. Whereas the mutation of R182A had only a modest impact on product specificity (Table  2) , the kinetic properties of the enzyme were dramatically different from that of the wild type enzyme, as this mutant displayed striking substrate inhibition (Fig. 2D) . In contrast, mutations deep in the cavity lead to 11R-hydroperoxyeicosatetraenoic acid as the primary product, a product consistent with a shallower site. To generate the 11R-product, C13, rather than C10, must be at the catalytic center.
The steady state kinetic parameters for wild type 8R-LOX and the single amino acid substitution variants are shown in Table 2 . The k cat for A620H is Ͻ2% of that for 8R-LOX, whereas the k cat for A589M is reduced to ϳ15%.
The R182A mutant displays conspicuous substrate inhibition for the reaction with AA. The rate versus substrate concentration plots of R182A and the wild type are shown in Fig. 2D , along with the curve fit for Michaelis-Menten and substrate inhibition kinetics. Prior to fitting the data to the substrate inhibition model, the K m of R182A was first determined by the double reciprocal plot of 1/ o versus 1/[S] as described (32) 
DISCUSSION
Cavity Depth as a Determinant of Product Formation-The
LOX reaction proceeds with the abstraction of hydrogen from the sp 3 carbon of a pentadiene via a water molecule that fills the metal coordination sphere. The resulting free radical is delocalized along the pentadiene, and oxygenation occurs at the carbon Ϯ2 from the site of attack. Hydrogen abstraction and oxygenation occur on opposite faces of the substrate, and the structural basis for this relationship is clearly elucidated in the structure of 8R-LOX with AA. The substrate fills a U-shaped cavity, and at the base of the U, the catalytic iron is positioned by the side chains of conserved amino acids. Of the 16 amino acids that define this cavity and make contacts with the AA six are invariant: two His (384, 389) that also bind the iron, three Leu (385, 431, 627), and an Ile (627). All of these amino acids are positioned to envelope the pentadiene centered at C10 for attack. AA enters 8R-LOX tail first and slides deep into the active site, which is exceptionally deep when compared with that described for other LOX structures due to an Ala at position 620 as compared with Met, His, Val, or Gln in other LOX structures (Table 3) . Consistent with tail first entry, the deepest part of the binding site is formed by hydrophobic amino acids (Fig. 3A) . Moreover, the mutation of A589M, deep in the cavity, gives 11R-HETE, indicating attack at C13, rather than C10, as expected for a shallower cavity with tail-first entry of AA ( Fig. 1 and Table 2 ). The introduction of a histidine at position 620 not only shortens the deepest part of the U-shaped cavity, but adds a positive charge, making it challenging for the substrate to bind in a tail-first orientation. As a result, the K m increases, and the turnover rate plummets. Similar to A589M, the major product The Enzyme-Substrate Complex of 8R-Lipoxygenase is 11R-HETE along with minor amounts of predominantly 12Sand 15S-HETES, all consistent with a shallower tail-first entry into the active site ( Table 2) . The Importance of Substrate Tethering-Whereas cavity depth determines how deep the AA slides into the active site, our data suggest that van der Waals contacts alone (the steric complementarity of the AA and the U-shaped active site) are not sufficient to adequately fix the geometry of the pentadiene at the catalytic iron in 8R-LOX. The long hydrocarbon tail of the substrate makes extensive contacts with the amino acid side chains lining the site, but helix ␣2 must provide a polar/charged amino acids to interact with the AA carboxyl group, perhaps to prevent AA from penetrating deeper into the cavity, which extends beyond C20 of the AA. Although substitution of Arg-182 with Ala has only a modest effect on the K m for AA or the product generated, the mutant displays dramatic substrate inhibition. Substrate inhibition in LOX has been reported previously (for example, Refs. 33 and 34), but it was unexpected that a single substitution of R182A would have such a large impact on enzyme activity. However, substrate inhibition by a compound with few hydrogen bond donors/acceptors for precise positioning can be explained by a non-productive binding mode that makes many of the same substrate-protein contacts observed in the productive binding mode. The AA, untethered by the polar/charge contact with the carboxylate, is not positioned precisely at the catalytic center.
Substrate inhibition has been studied in other enzymes (20, (35) (36) (37) , and its analysis can be complex (32, 38, 39) . We observed that the R182A data are best explained by cooperative substrate inhibition (Equation 1). In this case, the cooperativity observed may be due to an untethered hydrophobic substrate that can assume multiple non-productive conformations in the hydrophobic cavity and be retained there without having to reenter the aqueous milieu before positioning itself into an alternate conformation. Thus, we suggest that Arg-182 securely positions the substrate in a catalytically competent orientation at the active site machinery. The modest loss of product specificity (88 versus 98% 8-HETE), is consistent with this interpretation.
Can Cavity Depth Be Predicted?-The obvious question, given the structural similarity observed in the LOX family, is whether this 8R-active site is consistent with the other enzyme structures that have been reported. There are now structures for six AA-metabolizing LOX. In addition to the 8R-LOX, an 11R-, a 5S-, two 15S-(15-LOX-1 and 15-LOX-2), and 12Slipoxygenases have been described (7, 9, 12, 40, 41) . With the 
acids that define the AA binding site in 8R-LOX and their counterparts in other LOX structures
Overall sequence identity with P. homomalla 8R-LOX is indicated in parentheses. The two far right columns include the highly homologous 15-LOX-1 and 12-LOX pair. Residues in bold are invariant. exception of the 15-LOX-1/12-LOX pair, which share 79% sequence identity, pairwise identity for these enzymes is at most 47%. It is the 8R-/11R pair that has 47% sequence identity, and in terms of cavity depth, the most significant difference is presence of a Met in the latter enzyme, instead of Ala-620 (Table 3) . The Met protrudes directly in U-shaped cavity and limits its depth so that C13 is positioned for attack in the 11R enzyme. For the 15-LOX-2 enzyme, which also must position C13 at the catalytic machinery, the back end of the cavity is shortened by Val-610 and a Leu at 607. However, this simple relationship between amino acid side chain volume deepest in the U and cavity depth is not straightforward as overall sequence identity decreases. For instance, both porcine 12-LOX and 8R-LOX (ϳ30% identity) are tail first enzymes that position C10 at the catalytic center; thus, they should have similar cavity depths. Yet 12-LOX has a Gln at the deepest part of the cavity (Ala-620 in 8R-LOX). Unlike the Met side chain in 11R-, the Gln lies perpendicular to the tail end of the cavity, resulting in cavity depth comparable with that in 8R-LOX.
8R-LOX
Further complicating comparisons among these structures is the fact that porcine 12-LOX and rabbit 15-LOX-1 share ϳ80% identity and have only one conservative difference in the amino acids that line the U-shaped site ( Table 3 , Met/Leu-419). Yet in the rabbit enzyme, the AA can only slide deep enough to position C13, rather than C10 at the catalytic iron. One significant conformational difference in this highly homologous pair is a conspicuous constriction conferred by Phe-415 (Val-438 in 8R-LOX) and Leu-597 in 15-LOX-1. Whereas the amino acids are present in the 12-LOX, and Leu-597 is invariant, placement of the latter in 15-LOX-1 is anomalous with respect to the other LOX structures in Table 3 .
Substrate-and Inhibitor-induced Conformational Changes-8R-LOX is the only LOX for which structures are available in the absence and presence of substrate; only modest conformational changes are necessary to accommodate the AA. Yet this is clearly not the case for all family members, as in 5-LOX and 11R-LOX the cavities are "corked," and the active site is concealed from bulk solvent. Inhibited structures have been reported for rabbit 15-LOX-1 (2P0MB), human 15-LOX-2 (Protein Data Bank code 4NRE), and porcine 12-LOX (Protein Data Bank code 3RDE). The 8R-pocket agrees well with those defined for the inhibited 15-LOX-2 and 12-LOX structures. However, 15-LOX-1 shows a dramatic reorientation of ␣2 in the presence of the inhibitor RS7. Although the cavity must be reconfigured for the substrate to enter to position the C13 pentadiene because of the constriction described above, whether it requires displacement of ␣2 is not clear. The RS7 conformation may be unique to the inhibitor, which is constrained in a conformation inconsistent with the U-shaped site (Fig. 3B ).
An O 2 Access Pathway-Also common to the LOX structures is the long tubular opening that emanates from the cavity at the base of the U, from the side opposite the catalytic iron (31) . In the 8R-enzyme, this channel extends to the surface and reveals a likely path for O 2 to access the activated pentadiene. In each of the reported structures, a similar "channel" is observed. Work by Knapp et al. (42) demonstrated the importance of the counterpart of 8R-LOX Leu-431, positioned proximal to the inter-section of the channel and the catalytic site, in controlling access to the activated pentadiene for soybean LOX-1.
Subsequently, Coffa and Brash (18) reported a Gly/Ala switch in LOX that directs the stereochemistry of the product. 8R-and 11R-enzymes have a Gly at this residue, whereas the 12S-, 15S-, and 5S-enzymes all have an alanine. One way to think about this "switch" is that it directs O 2 to the carbon that is either ϩ2 or Ϫ2 from the central carbon of the pentadiene. The 8R-, 11R-, 15S-, and 12S-LOX are all tail-first enzymes, and for the R enzymes, the oxygen channel is tilted "above" the iron to allow access to the more shallow C-2 carbon. For the S enzymes, the channel is nudged toward the deeper C ϩ2 carbon (Fig. 4) . Note that Gly-427 (and its counterparts) defines the top of the putative O 2 channel where it abuts the U-shaped cavity. The presence of Ala shields this position and molds the channel deeper into the cavity, so that O 2 no longer has access to C-2. Placement of the shielding invariant Leu (8R-LOX Leu-431), one turn of the helix from the Gly/Ala switch, is coupled to the switch.
Concluding Remarks-Over the years, individual LOX structures have led to models for substrate recognition by this enzyme family. The "boot-shaped" model was derived from the inhibited 15-LOX structure and suggested that Ile-418, Phe-353, and Ile-593 define cavity depth and that Arg-403 tethered the substrate carboxylate (43) . Of these four amino acids, two are included in Table 3 . Although the boot-shaped model nicely explained the supporting mutagenesis data, in retrospect, it was incomplete due to what was then interpreted as disordering of FIGURE 4 . The antarafacial relationship between Fe 2؉ and a putative O 2 access channel. A, in 8R-LOX the direction of the channel is set by Gly-427 and the orientation of the shielding amino acid Leu-431. B and C, similar channels in 15-LOX-2 and 12-LOX. Note the presence of an Ala pushes the tubular opening deeper into the body of the enzyme. D, detail of the relationship between the Gly/Ala switch and the Leu-431 shielding residues. Note the absence of the side chain in the 8R-enzyme (blue) and positioning of Leu-431 leave C8 (C-2) of the AA unprotected. Blue, 8R-LOX; green, 15-LOX-2; beige, 12-LOX. In contrast, in the 15-LOX-2 and 12-LOX enzymes, the same carbon would be shielded by the Ala and the invariant Leu no longer shields C12 (Cϩ2) at the opposite end of the pentadiene. NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31911 helix ␣2 (10, 40). Additionally, it was based on an inhibitor that lacks the structural flexibility of AA and so might include conformational changes not required for the natural substrate to enter. Subsequently, a U-shaped model was described (30) , which included ϳ60% of the amino acids in Table 3 ; this model was flawed as well, as it set the direction of the tail of AA more in the direction of the O 2 channel. Eek et al. (7) , tested both these models with the 11R structure, and the data are consistent with our 8R-LOX-AA structure. However, 11R-LOX is corked in the absence of substrate so the complete U shape could not be described in that enzyme either. The structure of 8R-LOX with substrate builds on these models to reveal a robust structural context for mechanistic studies that have provided tremendous insight into how similar enzymes can generate distinct products from a common substrate. It is clear that subtle structural differences among family members are not readily inferred with sequence information alone, and the design of isoform-specific inhibitors that might lead to the development of novel therapeutics remains a challenge.
The Enzyme-Substrate Complex of 8R-Lipoxygenase
